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Nanostructured Co with large lattice extension and contraction was produced by electrodepositing
Co on nanoporous Au. The Co deposited showed a low magnetic saturation of 76 emu/g and a high
coercivity of 462 Oe. First-principles calculations showed that the magnetic moment of a Co atom
is significantly decreased by lattice contraction. Therefore, the noteworthy magnetic properties of
the Co deposited are attributed to the large lattice strain. Also, molecular dynamics simulation
showed that the lattice extension and contraction of about 10% are generated in the overall Co
crystal. This is in agreement with the experimental results of HRTEM observation. The constraint
of the movement of Co atoms by the concave structure of nanoporous Au leads to a wide spread of
large strain region.VC 2011 American Institute of Physics. [doi:10.1063/1.3575327]
I. INTRODUCTION
Magnetic nanostructured materials such as Co nanopar-
ticles are of great interest for a variety of applications in
such as sensors, actuators, and magnetic data storage devices
because these materials have excellent remarkable magnetic
properties such as high magnetic anisotropy, superparamag-
netism, and enhanced magnetic saturation.1–3 These out-
standing magnetic properties of nanostructured materials
result from finite-size effects and surface effects. The finite-
size effects are due to the quantum confinement of electrons,
and the single-dominant state and the superparamagnetic
state are typical of finite-size effects. For a spherical particle,
the critical diameter below which a single-domain state is
attained is about 10 nm for Co.3 Hence, very high coercivity
can be obtained in Co nanoparticles of 10 nm diameter. In
addition, when the diameter becomes much smaller than the
critical size, the thermal energy exceeds the energy barrier
for spin rotation, resulting in a superparamagnetic state. On
the other hand, the surface effects result from the breaking of
the symmetry of the crystal structure. In the nanostructured
materials, the symmetry breaking occurs at numerous sites
such as at the interfaces, free surfaces and grain boundaries.
This local breaking of symmetry gives rise to band narrow-
ing and spin disorder. The band narrowing enhances the
magnetic moment,4–7 whereas the spin disorder reduces the
magnetic moment2,3 and enhances the magnetic anisot-
ropy.8–11 To date, we have gained a deep understanding on
the finite-size effects and surface effects having complicated
effects on the magnetic properties of nanostructured
materials.
Nanoporous metals, which are produced by selective
electrochemical dealloying of more active components in a
homogeneous alloy,12 are one of the interesting nanostruc-
tured materials. Recently, it has been found that nanoporous
Ni exhibits unique magnetic properties owing to the surface
effects and the large lattice strain.13,14 The strain effects
have also been found in other nanostructured materials.15–18
Thus, the magnetic properties of nanostructured materials
are strongly affected by strain as well as the size effect
because large strain is often generated in nanostructured
materials. However, an understanding of the strain effects is
still lacking for nanostructured materials.
In this work, nanostructured Co is produced by electro-
depositing Co on nanoporous Au, and its magnetic properties
are investigated using a vibration sample magnetometer.
Bimetallic nanoparticles exhibit an interaction between the
core metal and the shell metal.19,20 In the Co electrodepos-
ited on nanoporous Au, large strain is expected to be gener-
ated because of Co/Au interaction. In the present work,
molecular dynamics (MD) simulations and first-principles
calculations are performed to investigate the origin of strain
generation and the effects of strain on the magnetic moment.
II. EXPERIMENTAL AND SIMULATION METHODS
Au (>99.9 mass%) and Ag (>99.9 mass %) ingots were
arc-melted together in Ar atmosphere to prepare a precursor
Au0.35Ag0.65 ingot. After homogenization at 1173 K for 24 h
in Ar atmosphere and subsequent cold rolling, nanoporous
Au was synthesized by dealloying of the alloy (free corro-
sion) at 263 K for 15 h in 70 mass % HNO3. A scanning elec-
tron micrograph of the nanoporous Au is shown in Fig. 1.
The average ligament and pore diameters were 7.4 and 21
nm, respectively.
Co was electrodeposited on the nanoporous Au for 1 s.
The electrolyte composition was CoSO47H2O (0.5 mol/l).
The pH of the electrolyte was adjusted to 3.0 using H2SO4.
Working electrodes consisted of 5-mm-diameter nanoporous
Au. A Cu wire fitted around the edge of the nanoporous Au
served as the electrical contact during deposition. The coun-
terelectrode was a platinum wire. The current density was
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170 mA/cm2 with direct current. The bath temperature was
maintained at 303 K.
Microstructures of the Co deposited were investigated
using a high-resolution transmission electron microscope
(HRTEM). In addition, elemental analysis was performed by
energy dispersive x-ray spectrometry (EDS) coupled with
HRTEM. The magnetization hysteresis loop was recorded at
room temperature at a maximum applied field of 10 kOe
using a vibration sample magnetometer.
The framework of the density functional theory with the
CASTEP code was adopted to investigate the effects of lattice
strain on the magnetic moment of Co.21 Infinite lattice
systems for fcc and hcp phases of Co were modeled using
periodic boundary conditions, where the lattice parameter
was changed in the strain range from 20 to þ25%. The
code was, therefore, ideally suitable for calculations of peri-
odic systems. The exchange-correlation interactions were
treated using the spin-polarized version of the generalized
gradient approximation within the Perdew-Burke-Ernzerhof
scheme.22 The valence electrons described by Vanderbilt-type
nonlocal ultrasoft pseudopotentials are Co 3d74s.2 Ultrasoft
pseudopotentials represented in reciprocal space were used for
all elements in our calculations. The self-consistent electronic
minimization based on density mixing was performed until
the convergence criterion was satisfied, that is, 5.0 106 eV
for the energy change per atom. The cutoff energy was set to
be 330 eV for all models. The Brillouin zone was sampled
using a 15 15 15 Monkhorst-Pack mesh of k points for the
fcc phase and 14 14 8 Monkhorst-Pack mesh of k points
for the hcp phase. Mulliken populations were employed to
obtain the magnetic moment per atom. The calculations on
the magnetic moments were performed at 0 K.
Also, a MD simulation was performed on a Co-deposition
model where an fcc Co crystal was deposited on concave
fcc Au, where the x-direction (misorientation axis) was [110],
the y-direction was [112] and the z-direction was [111] to
investigate the origin of strain generation in the Co deposited
[Fig. 7(a)]. The dimensions of the model unit were 1.4 nm
long (x-direction), 10 nm wide (y-direction) and 10 nm high
(z-direction). A periodic boundary condition was applied to
the x- and y-directions. In the z-direction, the top and bottom
layers of Au were fixed to prevent the concave profile from
moving, which fitted the present experiment. To ensure the
stability of the structure, a relaxation calculation was carried
out for 10 ps at 298 K with an NTV ensemble (where N (num-
ber of atoms), T (temperature) and V (volume of the cell) are
constant). In the simulation, the generalized EAM potential
was used to describe the Co-Co, Co-Au, and Au-Au intera-
tomic interactions.23 The potential enables the calculation to
be performed for an alloy containing Co and Au.
III. RESULTS AND DISCUSSION
A TEM image of the cross section of the Co deposited is
shown Fig. 2. It can be seen that many pore spaces are filled
[Fig. 2(a)]. The EDS analysis at the filled spot revealed that
Co atoms filled the pore spaces. It was impossible to clarify
the crystal phase of the Co deposited from the EDS result.
The stable crystal phase of Co depends on the size; for exam-
ple, for Co nanoparticles, the stable phase is an fcc phase for
diameter<20 nm, an hcp phase for diameter>40 nm, and a
mixture of fcc and hcp phases for a diameter of approxi-
mately 30 nm.24 The average pore diameter was 21 nm for
nanoporous Au, and therefore, the phase of Co deposited
may be a mixture of fcc and hcp phases.
A HRTEM image of the Co deposited is shown in
Fig. 3. An inspection of HRTEM images revealed that the
lattice spacing of the Co deposited significantly varied; for
example, the lattice spacings were 0.257 nm at the left mid-
dle point, 0.231 nm at the middle lower point, and 0.187 nm
at the right upper point, although it was impossible to iden-
tify the crystal plane because the diffraction pattern was too
complicated. In the case of no strain, the maximum lattice
spacings were 0.204 nm for the (111) plane in fcc Co and
0.216 nm for the (1010) plane in hcp Co. Note that the lattice
FIG. 1. Scanning electron micrograph of nanoporous Au. The average liga-
ment and pore diameters are 7.4 and 21 nm, respectively.
FIG. 2. (a) Transmission electron microscopy (TEM) image of the cross
section of the Co deposited on nanoporous Au, (b) enlarged TEM image of
the area within the white square in (a), and (c) energy-dispersed x-ray spec-
trograph of area within the white circle in (b). The pore spaces are filled
with Co crystals.
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spacing of 0.257 nm at the left middle point in Fig. 3 is
much larger than the lattice spacing in the case of no strain.
By comparison with the lattice spacing for the (111) plane of
fcc Co and the (1010) plane of hcp Co, the lattice strain at
the left middle point is calculated to be þ25% for fcc Co and
þ19% for hcp Co, the lattice strain at the middle lower point
is calculated to be þ13% for fcc Co and þ7% for hcp Co,
and the lattice strain at the right upper point is calculated to
be 8% for fcc Co and 13% for hcp Co. Thus, significantly
large lattice strains were generated in the Co deposited.
Figure 4 shows the magnetization hysteresis loop of the
Co deposited. The Co deposited showed the magnetic satura-
tion of 76 emu/g and the coercivity of 462 Oe. The magnetic
saturation of 76 emu/g is lower than that for bulk Co (¼ 162
emu/g) and the coercivity of 462 Oe is larger than that for
bulk Co (¼ 10 Oe). The lattice strains in the Co deposited
are significantly larger than those of Co epitaxially deposited
on flat Au substrate with no curvature.25 Therefore, the low
magnetic saturation and high coercivity of the Co deposited
are likely to be attributed to the large strain.
The effects of lattice strain on the magnetic moment of a
Co atom were elucidated by the first-principles calculations.
The results are shown in Fig. 5. Note that the magnetic
moment is significantly decreased by lattice contraction, in
particular, in the strain range of more than 5% for fcc and
10% for hcp, whereas the moment is gradually increased by
lattice extension in both cases of fcc and hcp. Bond narrow-
ing is responsible for the enhanced moment by lattice exten-
sion, and bond broadening gives rise to the reduced moment
by lattice contraction, as shown in Fig. 6. Therefore, the
large contraction strain is likely to be responsible for the low
magnetic saturation of the Co deposited.
FIG. 3. High-resolution transmission electron microscope image of the Co
deposited on nanoporous Au. Note that significantly large lattice strain is
generated upon lattice extension and contraction in the deposited Co.
FIG. 4. Magnetization hysteresis loop of the Co deposited on nanoporous
Au. The Co deposited showed the magnetic saturation of 76 emu/g and the
coercivity of 462 Oe.
FIG. 5. Variation in magnetic moment of Co atom as a function of the lat-
tice strain, as determined by first-principles calculations. Note that the mag-
netic moment is significantly decreased by lattice contraction in the strain
range of more than 5% for fcc and 10% for hcp, whereas the moment is
gradually increased by lattice extension in both cases of fcc and hcp.
FIG. 6. Partial density of states of 3d orbital in Co atom with and without
lattice strain: (a) 10% extension for fcc Co, (b) 8% contraction for fcc Co,
(c) 20% extension for hcp Co, and (d) 13% contraction for hcp Co. Fermi
level is defined as zero energy.
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The high coercivity results from the enhanced magnetic
anisotropy. In general, the magnetic anisotropy can be di-
vided into magnetocrystalline anisotropy, magnetoelastic an-
isotropy, shape anisotropy, externally induced anisotropy,
and exchange anisotropy. Moreover, in nanostructured mate-
rials, the surface spin disorder enhances the anisotropy.8–11
The magnetocrystalline and magnetoelastic anisotropies are
due to spin-orbit coupling and the shape anisotropy is of
dipolar origin. The lattice strain can contribute to the
enhancement of anisotropy through magnetoelasitc coupling.
Therefore, the high coercivity in the Co deposited is due to
not only the surface spin disorder, but also the large lattice
strain. In the present work, the first-principles calculations
were performed at 0 K. Recently, Sipr et al.26 investigated
the temperature dependence of the average magnetic
moment of free Fe clusters consisting of 9–89 atoms, and
they showed that the average magnetic moment at 300 K is
almost the same as that at 0 K. Therefore, the results
obtained in the present work are valid in the temperature
range of 0–300 K.
In the present work, we demonstrated that the Co depos-
ited exhibits large lattice extension and contraction, resulting
in low magnetic saturation and high coercivity. Allenspach
et al.25 investigated the strain in an epitaxial Co/Au film and
they showed that a large tensile strain of 14% was generated
at the first layer owing to lattice mismatch, but the strain dis-
appeared at the sixth layer. It is of interest to note that large
lattice strain was generated in the overall Co deposited in the
present work. The results of MD simulation using the model
in which the Co atoms are deposited on concave Au are
shown in Fig. 7. Lattice extension and contraction of approx-
imately 8–10% are generated in the overall Co crystal. This
is in agreement with the experimental results of HRTEM ob-
servation. Such large strain was not found in the previous
works in which Co deposited on a flat and planar substrate
was investigated.27,28 The constraint of the movement of Co
atoms by the concave structure of nanoporous Au leads to a
wide spread of large strain region in the deposited Co.
IV. CONCLUSIONS
Nanostructured Co was produced by electrodepositing
Co on nanoporous Au. HRTEM observation revealed that
large lattice strain was generated upon lattice extension and
contraction in the Co deposited.
The Co deposited showed a low magnetic saturation of
76 emu/g and a high coercivity of 462 Oe. The first-principles
calculation showed that the magnetic moment is signifi-
cantly decreased by lattice contraction. Also, the lattice
strain contributes to the enhanced anisotropy through mag-
netoelasitc coupling. Therefore, the large strain is responsi-
ble for the low magnetic saturation and high coercivity of
the Co deposited.
The MD simulation using the model where the Co atoms
are deposited on concave Au showed that the lattice exten-
sion and contraction of about 8–10% are induced in the over-
all Co crystal. This is in agreement with the experimental
results of HRTEM observation. The constraint of the move-
ment of Co atoms by the concave structure of nanoporous
Au leads to a wide spread of large strain region.
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FIG. 7. (Color online) Atomic geometry in the model where an fcc Co crys-
tal is deposited on concave fcc Au: (a) before the relaxation calculation and
(b) after the relaxation calculation. Lattice extension and contraction of
about 8–10% are generated in the overall Co crystal.
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